The characteristics of fusicoccin binding were investigated in microsomes from 24-h-old radish (Raphanus sativus L.) plant materials and induction of the in vivo physiological responses (6, 7). Fusicoccin-induced activation of the plasma membrane H+-ATPase is saturated by low FC concentrations similar to those required to saturate specific binding of FC to membranes isolated from different plant materials (1, 17, 18, 22) .
plant materials and induction of the in vivo physiological responses (6, 7) . Fusicoccin-induced activation of the plasma membrane H+-ATPase is saturated by low FC concentrations similar to those required to saturate specific binding of FC to membranes isolated from different plant materials (1, 17, 18, 22) .
These results support the view that FC-induced activation of the plasma membrane H+-ATPase is a consequence of its binding to the receptor. However, the mechanism through which the binding of FC to the receptor activates the plasma membrane H+-ATPase is still unknown. The study of the relations between the FC receptor and the plasma membrane H+-ATPase is complicated by the fact that two distinct populations of receptors, with different affinities for FC, have been reported for microsomal membranes isolated from different plant materials (1, 3, 18, 22) .
In this paper we show that microsomes isolated from 24-hold radish seedlings contain a single type of FC receptor, localized at the plasma membrane and saturated by FC at concentrations very similar to those which saturate FC-induced activation of the plasma membrane H+-ATPase. Part ofthese results have been presented elsewhere in a preliminary form (16) .
The hypothesis that all the known physiological responses to FC' depend on a primary activation of the plasma membrane H+-ATPase (20) found recent support in the finding that FC is able to stimulate the hydrolytic and transport activities of the plasma membrane H+-ATPase by acting at the membrane level in vesicles isolated from radish seedlings and other plant materials (9, 12, 14, 23, 24) .
The stimulating effect of FC on the transport activity of the plasma membrane H+-ATPase of radish seedlings has been characterized in some detail (23) . The effect of FC is evident only in the pH range of the cytoplasm of higher plant cells (i.e. around pH 7.5) and displays structural requirements for the FC molecule similar to those for binding of the toxin to its specific membrane-bound receptors described in other ' Abbreviations: FC, fusicoccin; BTP, bis-tris-propane (1, 3 bis(tris(hydroxymethyl)methylamino)propane).
MATERIALS AND METHODS

Plant Material
Radish seeds (Raphanus sativus L, cv Tondo Rosso Quarantino, Ingegnoli, Milano, Italy) were incubated in distilled water (5 g of seeds in 60 mL H20 in a 750 mL Erlenmeyer flask) at 25°C in the dark in an agitated, thermoregulated water bath. The water was renewed after about 8 h incubation. After 22 h, the seed coats were removed and the seeds were incubated a further 2 h in 60 mL freshly renewed distilled water, blotted dry, weighed (fresh weight roughly doubled during the 24 h incubation), frozen and stored at -80°C.
Preparation of Microsomes
Frozen seeds were homogenized in 1.5 mL/g fresh weight of ice-cold, freshly prepared extraction medium (0. 
Proton Pumping
The initial rate of H+-pumping was measured by monitoring the quenching of fluorescence of quinacrine, with a Jasco FP-770 spectrofluorimeter. The incubation mixture contained 2 ,M quinacrine, 0.5 mM EGTA, 5 mM MgSO4, 0.1 M KBr, and 0.05 M KN03 in 17.5 mm Mes-Tris buffer (pH 6.6) for assays of H+-ATPase in gradient fractions, or 2 ,uM quinacrine, 0.2 mM EGTA, 5 mM MgSO4, 0.15 M KBr, and 50 nM valinomycin in 40 mM BTP-Hepes buffer at pH 7.5 for FCstimulated H+-ATPase assays. In both cases the reaction was initiated by addition of 3 mm Na-ATP from a 0.3 M stock solution adjusted at the desired pH with NaOH.
Fusicoccin-induced activation of the H+-ATPase was assayed on membranes pretreated with or without FC at the specified concentrations for 15 min at 25°C under the same experimental conditions of FC binding assays, at 0.8 to 1 mg membrane protein per mL. At the end of this period the membranes were diluted into H+-pumping assay medium without added FC to 0.12 to 0.15 mg protein per mL and incubated at 25C for 30 min to allow for transmembrane pH equilibration, before initiating the reaction by addition of ATP.
Other Assays NADH-dependent Cyt c reductase was assayed as described (25), IDPase as described by Chanson et al. (10) except that assays were run at 25°C, and oligomycin-sensitive ATPase as the activity inhibited by 5 ,ug/mL oligomycin at pH 8.5 (15) . Protein was determined as previously described (13) .
Statistics
All the experiments were performed at least three times with three or more replicates. Since the activities were somewhat variable in different membrane preparations, results are from representative experiments. Variability of replicates within each experiment did not exceed ±4%.
RESULTS
Characteristics of FC Binding to Microsomal Membranes
Several requisites must be fulfilled before using Scatchard analysis of binding values measured by competitive displacement of radiolabeled ligand by unlabeled native ligand, to determine the affinity ofa receptor for a ligand and the density of binding sites. In particular: (a) nonspecific binding must be correctly evaluated, (b) the ligand-receptor interaction must be at equilibrium at all the ligand concentrations tested, (c) the ligand concentration must be in excess of the receptor concentration, (d) the receptor must have the same affinity for the radiolabeled and for the unlabeled ligand (11, 21, 27 ). An initial set of experiments was thus performed to check the aforementioned in our experimental system. FC and increasing concentrations of unlabeled FC, the amount of radioactivity associated with the membranes decreases with the increase of unlabeled FC concentration, until a steady level corresponding to about 0.3% of total applied is reached, which is unaffected by further increasing the concentration of unlabeled FC. This low level of radioactivity associated with the membranes at higher FC concentrations (:,uM), which is independent of the length of incubation, represents unsaturable nonspecific binding of FC to the membranes. In all the experiments reported in the following, specific binding of FC was evaluated as the difference between radioactivity associated with the pellet at the relevant FC concentrations and that associated with the pellets of samples incubated in parallel in the presence of 1 to 10 ,uM unlabeled FC. (Fig. 3A) show that FC binding shows simple saturation behavior. When plotted according to Scatchard, the data fit a single straight line (Fig. 3B) , which allows calculation of a Kd value of 1.8 nm and a site density of 6.3 pmol receptor per mg protein.
A major pitfall in Scatchard analysis of binding data is the lack of an independent variable, as both binding and the bound/free ratio are experimentally determined parameters (1 1, 21, 27 ). An independent evaluation of Kd and of the site density of FC receptor(s) can be obtained by measuring FC binding at equilibrium as a function of membrane concentration at various fixed concentrations of FC. As detailed in Eq. 4 of the Appendix, the relation between membrane concentration (mg protein/mL) and the fraction ofbound FC (bound FC/total FC) can be derived from the mass law equation for the reaction between FC and its receptor: (1, 3, 18, 22) will be discussed in the "Discussion" section.
Membrane Localization of the FC Receptor
The equilibrium distribution of FC binding in a sucrose density gradient was compared with that of marker enzymes of different cell membranes. Figure 5 shows that the different cell membranes form quite distinct peaks. The distribution of marker enzymes for the plasma membrane (plasma membrane H+-ATPase) and for the ER (NADH-dependent Cyt c reductase) is qualitatively similar to that previously reported (25) , but the peaks for both activities are at higher densities. This difference depends on the fact that the previously reported gradient, which was run for only 3 h, had not reached equilibrium (data not shown). A striking feature of this gradient is the low density of the peak of the mitochondrial marker (oligomycin-sensitive ATPase [pH 8.5]), which reflects the development of the inner membrane of mitochondria in the seedlings at this early stage of germination (28) .
Fusicoccin binding forms a distinct peak in the denser zone of the gradient (1.18 g/mL), virtually coincident with that of (1, 3, 18, 22) . This discrepancy might arise from the young developmental stage of radish seedlings at which our microsomes were extracted. However, this possibility seems unlikely, if both classes of receptor sites are involved in FC biological action, given the full capability of radish seedlings at this or earlier stages of germination to respond to in vivo FC treatments (5, 19) . It seems possible that the two classes of binding sites reported in other plant materials represent two different states of the FC receptor, possibly derived during the extraction procedure due to the activity of hydrolytic enzymes (2) . In fact, the apparent Kd values for the two classes of binding sites reported for membranes isolated from the same plant material, are fairly variable, ranging from 0.3 to 1.2 nm for the high affinity site in maize coleoptiles, and the relative incidence of the higher affinity site is also variable (ranging from 2 to 70% of total binding sites) (1, 3, 22) .
The FC receptor comigrates with the plasma membrane H+-ATPase in a sucrose density gradient, thus confirming the previous observation (8, 17, 18, 26) that it is localized at the plasma membrane.
Comparison of the dependence of FC binding and FCinduced activation of the plasma membrane H+-ATPase on FC concentration under identical conditions shows that the two phenomena show similar behavior, being saturated at about 40 nM FC (Fig. 6) . The finding that at low FC concentrations FC-induced activation of the plasma membrane H+-ATPase is relatively lower than FC binding, might suggest that a threshold fraction of receptors must be occupied before a biological response can be observed (11) . However, an alternative explanation might arise from the fact that the binding data reflect the binding of FC to plasma membrane vesicles independently oftheir leakiness and orientation, while Hf-pumping measurements reflect only the activity of sealed inside-out plasma membrane vesicles. Since FC binding sites are exposed to the outer side ofthe plasma membrane (4, 18) , FC permeation through the plasma membrane might be the rate-limiting step of FC binding to the receptor in inside-out plasma membrane vesicles. This would be of relevance at the lowest FC concentrations tested, for which binding is far from equilibrium, while it would not influence the data obtained at higher FC concentrations, for which equilibrium is reached within the length of this experiment (Fig. 2) . So, the results reported in Figure 6 are consistent with the view that FCinduced activation of the plasma membrane H+-ATPase is the consequence of FC binding to its plasma membrane receptor. This conclusion is strengthened by the recent finding that FC is able to stimulate MgATP-dependent HW-pumping 
which shows that the relation between the membrane concentration corresponding to a given i value of b and LT is linear. 
